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We report a 35Cl nuclear magnetic resonance (NMR) study of the diluted Kitaev material α-
Ru1−xIrxCl3 (x = 0.1 and 0.2) where non-magnetic Ir
3+ dopants substitute Ru3+ ions. Upon
dilution, the 35Cl spectra exhibit unusual large magnetic inhomogeneity, which sets in at temper-
atures below the Kitaev exchange energy scale. At the same time, the 35Cl spin-lattice relaxation
rate T−11 as a function of dilution and magnetic field unravels a critical doping of xc ≈ 0.22, to-
wards which both the field-induced spin gap and the zero-field magnetic ordering are simultaneously
suppressed, while novel gapless low-energy spin excitations dominate the relaxation process. These
NMR findings point to the stabilization of a random singlet phase in α-Ru1−xIrxCl3, arising from
the interplay of dilution and exchange frustration in the quantum limit.
The celebrated Kitaev honeycomb model [1] fea-
tures bond-dependent exchange frustration, leading to
a quantum spin liquid (QSL) state with fractionalized
Majorana-fermion excitations [2–5]. To date, a number
of candidate materials with dominant Kitaev interaction
have been proposed, yet it remains a challenge to real-
ize the genuine Kitaev QSL, as most of these materials
display long-range magnetic order at low temperatures.
Such order is induced by further symmetry-allowed inter-
actions beyond the Kitaev model, whose interplay gives
rise to a rich phase diagram depending on the relative
strength of the Kitaev and non-Kitaev terms [6–10].
Quenched disorder has a strong influence on spin corre-
lations and thus offers an interesting route for achieving
an exotic quantum state in Kitaev materials [11–14]. In
the pure Kitaev model, randomly placed vacancies have
been shown to generate unscreened impurity moments
[11], while random Kitaev couplings lead to a spin liquid
with strongly enhanced low-energy excitations [13, 15].
More generally, strong exchange randomness may induce
a random-singlet state, promoting liquid-like correlations
against long-range magnetic order. In such a state, quan-
tum spins form singlet dimers and resonating singlet
clusters with a broad range of binding energies [16–22].
For the disordered Heisenberg chain, the properties of
the resulting state are essentially understood, leading to
non-trivial scaling of thermodynamic quantities [17]. In
higher dimensions, connections to valence-bond glasses
have been discussed, together with the emergence of a
minor fraction of orphan spins [18, 20]. However, little is
known about the spin dynamics in such states.
In ruthenium trichloride α-RuCl3, spin-orbit-coupled
Jeff = 1/2 moments of the Ru
3+ ions form a honeycomb
lattice. Although the material displays magnetic long-
range order at low temperatures, numerous experiments
[23–28] have revealed unusual magnetic and thermody-
namic properties suggesting that α-RuCl3 is proximate
to a Kitaev QSL [24, 29, 30]. Our previous nuclear mag-
netic resonance (NMR) study in α-RuCl3 [31] has shown
that large magnetic fields induce a spin-gapped quan-
tum paramagnet, subsequently confirmed and further ex-
plored by other experiments [32–36]. Spin dilution by
non-magnetic impurities has been previously studied for
α-RuCl3, signalling a distinct disordered spin-liquid state
where spin-glass features are weak or absent [37–39].
This may be contrasted to diluted honeycomb iridates,
A2Ir1−xTixO3 (A = Na,Li), where a low-temperature
spin glass has been found [40, 41].
In this Letter, we investigate via 35Cl NMR the dilu-
tion effect on the field-induced spin-gapped phase and the
dynamic spin excitations in α-RuCl3. Our NMR results
show that randomness induces strong and apparently
gapless low-energy excitations. Over a range of dilutions
and applied fields, these exist on top of a gapped param-
agnetic background, while beyond xc ≈ 0.22 the system
displays spin-liquid-like features of a random-singlet state
even at zero field.
Experimental. 35Cl (nuclear spin I = 3/2) NMR was
carried out in α-Ru1−xIrxCl3 single crystals (x = 0.1
and 0.2) as a function of external field (H) and tem-
perature (T ). The single crystals were synthesized as
described in Ref. [38]. The samples were reoriented us-
ing a goniometer to achieve an accurate alignment along
H. The 35Cl NMR spectra were acquired by a standard
spin-echo technique with a typical pi/2 pulse length of
2–3µs. The nuclear spin-lattice relaxation rate T−11 was
obtained by fitting the recovery of the nuclear magnetiza-
tion M(t) after a saturating pulse to the fitting function
2FIG. 1. Temperature dependence of 35Cl NMR spectra at 15T applied along the c′ axis (30◦ off the crystallographic c axis) in
α-Ru1−xIrxCl3: (a) x = 0, (b) x = 0.1, (c) x = 0.2. Data for the undoped sample were taken from Ref. [31]. The
35Cl spectrum
significantly broadens roughly below the Kitaev exchange scale K. Such a broadening becomes much stronger for x = 0.2. The
red curves illustrate the average Knight shift (or average local magnetic susceptibility), which is essentially independent of x.
(d) FWHM of the main 35Cl line denoted by the solid curves as a function of temperature and Ir doping x. The dashed line is
a rough estimate of the magnetic broadening.
1−M(t)/M(∞) = A[0.9e−(6t/T1)
β
+0.1e−(t/T1)
β
], where
A is a fitting parameter and β is the stretching exponent.
All the NMR measurements in this work have been per-
formed in a magnetic field applied along the principal
axis of the electric field gradient (EFG) at 35Cl, which
is ∼ 30◦ off the crystallographic c axis, to minimize the
quadrupole interaction. The special direction of the ex-
ternal field parallel to the EFG at 35Cl is defined as the
c′ axis.
Results. Figure 1 shows 35Cl NMR spectra as a func-
tion of temperature for α-Ru1−xIrxCl3 (x = 0, 0.1, 0.2) at
an external field of 15T. At temperatures roughly above
100K, the spectrum is weakly dependent on tempera-
ture and moderately broadens in proportion to x, which
is reasonable based on the increase of chemical disorder.
Below ∼ 100K, however, it rapidly broadens with lower-
ing temperature and with increasing dilution.
For diluted samples, frequency-swept 35Cl spectra ob-
tained for temperatures ≤ 60K for x = 0.1 and ≤ 105K
for x = 0.2 reveal that another 35Cl line located at
∼ 63MHz is strongly quadrupole broadened, causing an
extremely broad and nearly flat tail towards the low-
frequency side. Fortunately, the main 35Cl line indi-
cated by the red curve in Fig. 1 remains identifiable.
Since the main line represents the 35Cl site in which
the quadrupole interaction is minimal if not vanishing
[31], we assume that its line broadening at low temper-
atures is of largely magnetic origin. The full width at
half maximum (FWHM) of the main 35Cl line is pre-
sented in Fig. 1(d) as a function of dilution and temper-
ature. For the broad spectra at low temperatures, the
high-frequency part of the main line was taken and dou-
bled. Note that the seeming divergence of the FWHM
for x = 0.2 is likely owing to the influence of a second
35Cl line, and the actual FWHM of the main line may be
estimated by the dashed line in Fig. 1(d).
The development of strong magnetic inhomogeneity
at low temperatures is unconventional, given that no
spin-glass ordering has been detected down to 2K in α-
Ru0.8Ir0.2Cl3 via ac and dc susceptibility measurements
[39]. Also, it is very unusual that with increasing dilu-
tion the temperature dependence of the main 35Cl line
3FIG. 2. Spin-lattice relaxation rate T−11 vs. inverse temperature 1/T : (a) at a fixed external field of H = 15T for different Ir
doping levels x, and (b) at x = 0.1 for different H . The spin gap ∆ is suppressed with increasing x and with decreasing H . In
contrast, the plateau of T−11 at low T , R0, is strongly enhanced with increasing x and with decreasing H . (c) ∆ as a function
of H and x. With increasing x, the critical field Hc below which ∆ goes to zero decreases towards zero. The slope of ∆(H)
are also suppressed with increasing x, along with the decrease of Hc. Inset: The gap at 15T, ∆15T, (left axis) and the critical
field, Hc, (right axis) go to zero simultaneously at xc ≈ 0.22. Hc for x = 0.2 (the data point near 0.8 T in the main panel) is
estimated from the inset. (d) R0 as a function of H and x. Vertical lines denote the critical fields for a given x. (Hc for x = 0.2
is not shown.) The diverging behavior of R0 towards Hc(x) becomes stronger as x increases. Data for the pristine sample were
reproduced from Ref. [31]. Solid curves are guide to the eyes.
(Fig. 1), i.e., local spin susceptibility, remains unchanged,
in contrast to the substantial line broadening. Further-
more, we note that the onset temperature of the broad-
ening is very close to the Kitaev exchange energy scale
K ∼ 90K [24] regardless of dilution. These features
strongly suggest that the unusual magnetic inhomogene-
ity arises from the interplay between quenched disorder
and the Kitaev interaction in the honeycomb lattice.
Having discussed the static aspects of the dilution ef-
fect in α-Ru1−xIrxCl3, we now turn to the evolution of
low-energy spin dynamics with dilution, via the 35Cl
spin-lattice relaxation rate T−11 . To maintain consis-
tency, T−11 was measured on the peak of the main line
denoted by the solid curves in Fig. 1, in magnetic fields
applied along the c′ axis. The results are presented in
Fig. 2(a-b) in an Arrhenius plot, i.e., T−11 vs. inverse tem-
perature on a semilog scale. In this plot, the straight line
corresponds to an exponential decay, T−11 ∝ exp(−∆/T ),
which yields the spin gap ∆. Figure 2(a) reveals that ∆,
defined in the temperature range 10–30K, at a fixed field
of 15T is suppressed with increasing x, such that it al-
most vanishes at x = 0.2. On top of this behavior, the
field dependence of T−11 at x = 0.1, Fig. 2(b), indicates
that ∆ decreases with decreasing H at a given x, as ob-
served in the pristine sample [31].
The field and doping dependence of the spin gap ∆
is summarized in Fig. 2(c). Clearly, the critical field
Hc, above which the spin-gapped quantum paramagnet
emerges out of long-range magnetic order [31], is strongly
reduced for x = 0.1. As shown in the inset of Fig. 2(c),
a linear extrapolation of Hc enables us to define the crit-
ical dilution xc ≈ 0.22. This is consistent with previous
4results which show that zero-field order is suppressed for
x > xc [37, 38]. Figure 2(c) also reveals that the slope of
∆ vs. H is rapidly reduced with increasing x. This means
that the gapped quantum paramagnet itself is suppressed
with dilution in the entire field range measured. Even
more remarkably, the spin gap extracted at 15T, ∆15T,
also extrapolates to zero at xc ≈ 0.22, precisely as does
Hc, as shown in the inset of Fig. 2(c). Together, this
indicates a quantum transition into a gapless disordered
state at xc existing over a large range of applied fields.
As also seen in Fig. 2(a,b), the nominally gapped state
at elevated fields is highly non-trivial: T−11 flattens out
toward a constant value at low temperatures, which is
strongly enhanced with increasing x and with decreasing
H (horizontal arrows). We ascribe the T−11 plateau to
abundant in-gap spin excitations, and identify it with
the low-energy scale of the spin dynamics, R0. R0 as a
function of x and H is shown in Fig. 2(d). While R0
for x = 0 is very small at 15T, it increases rapidly with
decreasing H and abruptly jumps to a normal relaxation
value at around Hc = 10T. It should be noted that R0
preserves its meaning only when ∆ is finite [i.e., below
the gray region in Fig. 2(d)], and thus the discontinuous
change ofR0 at Hc implies an alteration of its underlying
mechanism. For x = 0.1, R0 shows a strong increase
with decreasing H , reaching a limiting value already at
9T far higher than the critical field Hc ≈ 5.2T. With
further dilution to x = 0.2, the gap behavior is negligibly
weak even at 15T, and thus it is difficult to measure the
field dependence of the gap.
Discussion. Taken together, magnetic dilution in α-
RuCl3 has a twofold effect: It creates apparently gap-
less spin excitations which progressively fill in the field-
induced spin gap, as evidenced by our NMR data, and it
suppresses zero-field magnetic order [37]. Beyond a crit-
ical doping level xc ≈ 0.22, this results in a strongly in-
homogeneous paramagnetic state which features distinct
spin-liquid properties.
The properties of this disorder-stabilized spin liquid
appear compatible with a random-singlet state: A col-
lection of spin singlets with broadly distributed binding
energies down to zero implies gapless and scale-invariant
relaxation behavior, as seen in Fig. 2(a) at x = 0.2. It
also implies that the relaxation remains gapless over a
significant range of magnetic fields, as the applied field
polarizes singlets with small binding energy, but leaves
those with large binding energy intact. This also results
in a field-driven reduction of the low-temperature relax-
ation rate, as seen in Fig. 2(b). Moreover, a random-
singlet state yields strongly-broadened NMR lines, as the
applied field converts the broad range of binding ener-
gies into a broad distribution of local magnetizations.
Lastly, a random-singlet picture is also supported by the
power law and scaling behavior of the specific heat and
the magnetic susceptibility observed in α-Ru0.8Ir0.2Cl3
[39], although the power-law specific heat is in principle
equally consistent with a bond-disordered Kitaev model
[11, 15]. We note that the critical doping level is not
very far from the percolation threshold xp ≈ 0.303 [42].
Assuming dominant nearest-neighbor exchange, the spin-
liquid phase is then characterized by a large number of
finite-size clusters that are only weakly coupled and con-
tribute nontrivially to the observed spin dynamics.
We further note that even nominally clean high-quality
α-RuCl3 displays a spin relaxation which, at 15T, is dis-
order dominated below 6K, Fig. 2(a) [31]. Similarly, a
notable line broadening is visible below 80K, Fig. 1(d).
These features likely arise from residual point defects (or
stacking faults) and indicate a remarkably strong sensi-
tivity of the quantum paramagnet to quenched disorder.
Microscopically, the emergence of a random-singlet
state in diluted α-RuCl3 must be driven by the inter-
play of quenched disorder, strong Kitaev and Γ couplings
[9, 10], and strong quantum effects. In contrast, a semi-
classical treatment of the relevant models with quenched
disorder results in strong spin-glass behavior [41], which
is not seen experimentally. We also note that dilution of a
pure Kitaev model is unlikely consistent with the data, as
the vacancy-induced degrees of freedom will be polarized
and thus quenched by moderate fields at least for weak
dilution [11], as opposed to the relaxation behavior seen
for nominally clean α-RuCl3. We consider it likely that a
local substitution Ru → Ir not only removes a spin, but
also substantially modifies the exchange couplings near
the dopant site. Studying the combined effect of site and
bond disorder in quantum Heisenberg-Kitaev-Γ models
is an important task for the future.
Summary. Our NMR measurements have demon-
strated that site dilution of the Kitaev material α-RuCl3
results in a gapless spin liquid beyond a critical doping
level xc ≈ 0.22. The collected data appear compatible
with a random-singlet state, which is demonstrated here
for the first time in a Kitaev material. Our study calls
for more detailed investigations of other types of disorder
in α-RuCl3 as well as for a detailed microscopic under-
standing of disordered Heisenberg-Kitaev-Γ models.
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